Electrochemical disinfection of surface water using mixed metal oxide anodes was evaluated in a pilot-scale demonstration. Disinfection rates, chlorine generation, energy demand, and generation of disinfection by-products were monitored over the 190-day study. Particular attention was given to the generation of trihalomethanes (THMs) and haloacetic acids (HAAs) during the electrochemical treatment cycle. In addition, the potential for generation of THMs and HAAs during post-treatment storage of the water was assessed. The electrochemical treatment system resulted in a 2-to 3-log removal of total heterotrophic bacteria, with values below detection (<1 CFU/mL) often observed.
INTRODUCTION
With growing demands on water resources, increased focus is on water reuse or utilization of surface waters as potable water sources. For these water sources, removal of chemical and biochemical oxygen demand (COD/BOD) and disinfection typically are the primary treatment objectives.
Chlorine-based disinfection is by far the most common technology used for water treatment. However, the generation of haloacetic acids (HAAs) and trihalomethanes (THMs) resulting from chlorine-based disinfection has been well documented (Villanueva et al. ; Krasner et al. ) .
Implementation of the Stage 2 Disinfection Byproducts
Rule (DBPR2) has applied increased regulatory pressure on water treatment operators in the United States to mitigate the generation of these disinfection by-products and conductivity levels in the water typically reduce the time and energy needed for disinfection. However, generation of other reactive oxidants such as ozone or hydroxyl radicals, generated at the anode surface (Comninellis ; Jeong et al. ) , can contribute to disinfection via electrochemical treatment. Recent laboratory studies showed that several log removal of Escherichia coli using a Ti/IrO 2 anode could be attained without exceedances of the DBPR2 (Schaefer et al. ) . In addition, electrochemical treatment has been shown to be more effective than conventional chlorination approaches towards bacterial spores and more recalcitrant bacteria (Li et al. ; Mezule et al. ) .
Formation of DBPs is often facilitated when chlorinebased chemicals are added to disinfected water that is being stored; this practice is used to prevent growth of microorganisms in tanks so that the water remains sufficiently disinfected. Chlorine-based oxidants can react with natural organic matter and naturally occurring bromide to form THMs and HAAs, as described by Sohn et al. () . Water that has been initially treated via an electrochemical system may be less prone to DBP formation upon subsequent exposure to chlorine-based disinfectants due to removal of halogens during the electrochemical process (Kimbrough & Suffet ) and/or removal of COD (Liu et al. ) . However, this potential benefit has not been fully assessed at the pilot scale for an electrochemical treatment system.
Only limited information is available regarding pilot-or
field-scale electrochemical treatment systems with respect to DBP formation. Katsoni et al. (a, b) () examined the formation of chloroform and bromate in a pilot-scale electrochemical treatment system for river water using MMO anodes, but did not look at other THMs, HAAs, or perchlorate. Similar pilot scale studies using MMO anodes and analyzing for both THMs and HAA generation during disinfection have not been reported.
Thus, the effectiveness of disinfection coupled with the generation of HAAs and THMs at the field scale has not been thoroughly demonstrated or assessed. The overall objective of this study was to assess the disinfection and disinfection by-product formation during a 6-month pilot-scale study using an electrochemical process. Overall system performance, including active chlorine generation and energy consumption, were also evaluated during this study.
METHODS

Demonstration location
The pilot demonstration was performed at Naval Air Station (NAS) Lemoore (Kings County/Fresno County, CA). The influent water source for the electrochemical treatment system was surface water from the California State Water Project aqueduct water, which was collected via a slip-stream from an existing water treatment system (water was diverted upstream of the existing water treatment system, thus the raw untreated surface water was used for this demonstration).
Water quality parameters for the raw surface water are provided in Table 1 . The skid-mounted treatment system was placed indoors within an existing treatment plant facility.
Pilot plant design and materials
The pilot demonstration was performed using a sequencing batch electrochemical treatment system. The demonstration period was approximately 190 days. System components are shown schematically in Figure 1 . The primary system components include an influent flowmeter and 50 micron prefilter, a treatment tank (100 L batch volume), a pump to recirculate water through the electrochemical cell, the electrochemical cell, DC power source (Keysight N5749A/903), recirculation and discharge flowmeters, and the collection tank to contain the treated water prior to drain disposal.
The electrochemical cell used in this demonstration was the commercially available Multi-Purpose (MP) Flow Cell (ElectroCell North America, Inc.). A picture of the cell used in this pilot plant study is provided in the Supplemental Materials ( Figure S1 , available with the online version of this paper); additional information and schematics of this cell are provided at http://www.electrocell.com/electromp-cell.html. This undivided electrochemical cell consisted of six parallel plate electrodes (three anodes and three Average values ± standard deviation are shown for the anions (n ¼ 10), perchlorate (n ¼ 4), pH (>4,000 on-line readings), and TOC (n ¼ 3). Turbidity, hardness, alkalinity, and conductivity measured 51 days after start-up (influent and effluent), and 135 days after start-up (influent only). Total coliforms were measured by New Jersey Analytical Laboratories using SM9222B approximately 9 months prior to start-up. NA, not analyzed. a One detection of phosphate at 0.1 mg/L (influent and effluent) below the reporting limit of 0.2 mg/L was observed. The other 9 phosphate readings were non-detected (<0.2 mg/L). b Estimated turbidity values in the influent below the reporting limit of 1.0 NTU. c pH measured via on-line meter, and reflects pH from beginning to end of treatment cycle. Total culturable heterotrophs were analyzed using a previously described plating technique (Schaefer et al. ) .
Microbial samples were preserved with sodium thiosulfate to quench any residual oxidant present in the electrochemically treated water. However, it is noted that previous testing showed that the storage of samples between sample collection and analysis (typically 24 hours) did not result in any additional disinfection (Schaefer et al. ) . Total culturable heterotrophic plate counts (reported in units of CFU/mL) served as a surrogate measure for disinfection in this study. It is well recognized that heterotrophic plate counts can be used to assess disinfection for drinking water, and that heterotrophic plate counts serve as an indicator that is less susceptible to disinfection than total coliforms (LeChevallier et al. ; World Health Organization ;
Allen et al. ). Thus, use of heterotrophic plate counts in this study serves as a conservative measure of the extent of disinfection relative to total coliform levels.
TTHMs and volatile organic compounds were analyzed using gas chromatography-mass spectrometry via EPA Method 8260B using a purge-and-trap. The detection limit for TTHMS and volatile organic compounds was 5 μg/L. The HAA5 were analyzed using a gas chromatograph with a Following completion of the demonstration, the anode was removed and analyzed with a scanning electron microscope (SEM). Elemental analysis also was performed on the anode via energy dispersive X-ray spectroscopy (EDS).
These analyses were performed using an FEI XL30 Environmental SEM with Bruker XFlash 4010 EDS Detector. The acceleration voltage used for SEM imaging was generally 30 kV. Comparisons were made using an unused anode.
Supplemental testing: disinfection by-product formation during post-treatment storage
Additional testing was performed on electrochemically treated water to assess the potential formation of TTHMs and HAA5 following disinfection within the treatment system.
For these tests, system effluent samples were stored at room temperature in the dark in gas-tight 60 mL glass serum bottles with Teflon-lined butyl rubber stoppers and crimp seals. After 2 weeks of incubation, samples were analyzed for TTHMs and HAA5.
A separate set of experiments similar to that described in the previous paragraph was performed. The purpose of this second set of experiments was to determine if the electrochemically treated water mitigated the formation of DBPs upon subsequent exposure to hypochlorite while being stored. To assess the potential formation of TTHMs and HAA5 in electrochemically treated water that is amended with hypochlorite while being stored, the 2-week incubation experiments described in the previous paragraph were repeated, but were performed using both the influent Upon initiation of periodic acid cleaning, effective disinfection was re-attained in the system.
While disinfection was generally effective during the first 4 months of the study, total heterotrophs were detected in the effluent for three sampling events during the last 3 weeks of the study (although there was no increasing trend in effluent total heterotrophs during the last 3 weeks, suggesting that there was no decreasing trend in disinfection rate during the last 3 weeks). It is suspected that the reduced Free chlorine levels during the first 5 days of operation using the Hach 9184sc in-line meter showed maximum free chlorine in the range of 1 to 1.5 mg/L (measured at the end Despite these low free chlorine levels, the measured rate of disinfection was similar in both the previous bench-scale 
Disinfection by-products
Disinfection by-products results for TTHM and HAA5 are summarized in Table 3 . Results indicated that there were no exceedances of the DBPR2 of 80 μg/L for TTHM and 60 μg/L for HAA5, with the exception of the 2-week incubated sample 3 weeks after start-up for TTHM (105 μg/L). While this exceedance appears to be anomalously elevated compared to all the other TTHM sample results, both the TTHM and HAA5 results show elevated levels during the first 3-4 weeks of operation. These elevated levels are likely due to the elevated free chlorine levels observed during the initial weeks of operation. It also is possible that elevated (up to 1,000 μg/L) levels of tetrahydrofuran (THF), 2-butanone, and acetone, which were observed in the influent and effluent during the first few weeks of sampling, contributed to the elevated TTHM and HAA5 levels. The presence of these organic compounds was most probably due to the presence of adhesives and sealants used for constructing the system and gluing piping. By the Day 29 sampling event, THF, 2-butanone, and acetone were below the analytical detection limit of 10 μg/L in the influent, and below the detection limit in the effluent by Day 56. However, the presence of these organic compounds in the first few weeks of operation may have contributed to the formation of the observed disinfection by-products. TTHM and HAA5 levels were generally below 10 μg/L after the first few weeks of the demonstration.
Statistical analysis shows that these elevated disinfection byproduct levels were highly correlated to both the free chlorine and the presence of the organic compounds, with linear correlation coefficients of 0.96 and 0.95, respectively. However, it is not possible to distinguish the impacts of free chlorine and the organic compounds (THF, 2-butanone, and acetone) on TTHM and HAA5 formation.
The generation of TTHM in both the raw and electrochemically treated surface water during 2 weeks of incubation with 400 mg/L hypochlorite is shown in Figure 3 .
It is recognized that the extremely elevated levels of hypochlorite used for this portion of the testing likely resulted in drastically higher concentrations of DBPs than what would be expected using hypochlorite levels typically used for disinfection. However, this elevated hypochlorite dosage was intended to facilitate the assessment of TTHM and HAA5 formation following electrochemical chlorination, compared to chlorination on untreated water.
There was no difference in HAA5 generation between the raw and electrochemically treated surface water. This suggests that (for the water characteristics and treatment applied in this study), electrochemical treatment provided no measurable mitigation of HAA formation for waters where hypochlorite might be used for residual disinfection EDS analysis (Table S1 in the Supplemental Materials, available with the online version of this paper) showed increases in sodium and calcium on the used anode (especially increased calcium at the location of the white spots), suggesting that the white spots are calcium deposits that developed during treatment. It is plausible that these calcium or other mineral deposits may have reduced the effectiveness of the anodes, and that improved acid washing (or periodic polarity reversal) may have removed these deposits.
Energy assessment
The energy demand per log-order of disinfection observed 
CONCLUSIONS
The results of this pilot-scale demonstration showed that electrochemical treatment can efficiently (with respect to energy consumption) provide disinfection without generation of disinfection by-products above regulatory levels.
The results also suggest that electrochemical treatment Operation of the electrochemical system at a lower current density is expected to substantially reduce the energy requirement for disinfection. However, operating at lower current densities likely will also reduce the already low levels of residual chlorine present, thus nearly eliminating any residual disinfection potential. Operating at a lower current density also would require a greater anodic surface area or greater treatment time in order to achieve the same treatment level (i.e., volume of water per unit time).
Thus, the advantages and disadvantages of operating at a lower current density need to be considered in system design. Overall, these results suggest that electrochemical disinfection has potential to be a viable treatment option for drinking water, provided scaling or fouling of the electrodes can be prevented.
